We demonstrate a technique for IR action spectroscopy that enables measuring IR spectra in a background-free fashion for low-temperature neutral gas-phase molecules of arbitrary structure. The method is exemplified experimentally for N-methylacetamide molecules in the mid-IR spectral range of 1000-1800 cm −1 , utilizing the free electron laser FELIX. The technique involves the resonant absorption of multiple mid-IR photons, which induces molecular dissociation. The dissociation products are probed with 10.49 eV vacuum ultraviolet photons and analyzed with a mass spectrometer. We also demonstrate the capability of this method to record, with unprecedented ease, mid-IR spectra for the molecular associates, such as clusters and oligomers, present in a molecular beam. In this way the mass-selected spectra of lowtemperature gas-phase dimers and trimers of N-methylacetamide are measured in the full amide I-III range.
The two central topics of modern biophysics are biomolecular structure elucidation and obtaining insight into processes relevant for biomolecular functioning. These two topics are closely related to each other as in many cases the structure of biomolecules determines their functioning. Examples of this relation include molecular recognition, the selective binding of ligands, the regulation of protein activity upon conformational changes, etc. On the contrary, the faulty structures of biomolecules hamper their proper functioning, which is the case for certain neurodegenerative diseases associated with the misfolding of proteins [1, 2] . An overall insight into the structure and processes occurring in large biomolecules can often be obtained by separately investigating their building blocks or essential parts, such as individual amino acids, peptides, nuclear bases, etc. [3, 4] . The advantages of studying such relatively simple biologically relevant molecular systems are that they can easily be handled in the gas phase, which enables studies of the intrinsic properties without the influence of neighboring molecules. Furthermore, they are amenable to sophisticated theoretical calculations.
Mid-IR and terahertz spectroscopy methods are highly suitable for (bio)molecular structure elucidation [4] [5] [6] [7] [8] . These techniques are in particular capable of unraveling even small changes in molecular structure [6, 9, 10] . They also enable the probing of the hydrogen bonds [4, 11, 12] that play a significant role in, e.g., the folding of proteins into higher-order structures. Free electron lasers (FELs) are distinct among other existing mid-IR and terahertz sources due to their capability of generating highly intense wavelength-tunable monochromatic light. Such FELs typically generate light in the form of microsecond long macropulses, which in turn consist of subnanosecond long micropulses [13, 14] . As the number of gas-phase molecules in the interaction region is significantly smaller than the number of photons in the FEL pulses, direct absorption measurements are very challenging and, instead, action spectroscopy techniques are implemented. IR action spectroscopy implies measuring signals associated with IR photon absorptions in the form of, for example, electron or ion signals, versus different IR wavelengths. Currently, there are two methods routinely employed in IR FELs to measure the spectra in this spectral region for charged and neutral molecular species. One is based on IR multiphoton dissociation (MPD) [15] [16] [17] and is widely employed for both cations and anions [18] [19] [20] [21] [22] . Upon MPD, the resonant absorption of successive photons is intermediated by intramolecular vibrational energy redistribution (IVR) [17] . The rate of IVR determines the time span needed for the molecule to reach a dissociative state. In this approach, mass selected charged molecules are stored in a trap, where they are irradiated with infrared light. To measure the spectrum for a neutral molecule the approach of IR-UV ion-dip spectroscopy [23] is typically used. The limitation of the latter is that it is only applicable for molecules possessing an UV chromophore (e.g., an aromatic ring) to absorb the UV light. Currently, there is no general method routinely implemented to study neutral molecules in the gas phase that do not possess an UV chromophore.
In this Letter, we demonstrate a method to measure IR spectra for molecules of arbitrary structure utilizing FEL radiation sources. This approach can be considered as a two-color pump-probe measurement, in which intense IR light is utilized to start the MPD reaction, i.e., to resonantly pump the molecule until it dissociates, while vacuum ultraviolet (VUV) ionizing light probes the MPD products. The advantages of this new method are (1) it enables measuring IR spectra for molecules of arbitrary structure, (2) the obtained IR spectra are background-free, (3) the measurements are performed for molecules embedded into supersonic beams, which ensures the cooling of the internal degrees of freedom down to 10-20 K, and (4) the IR spectra of the molecular clusters and oligomers present in the molecular beam can be measured simultaneously with the spectra for the parent molecules. In contrast to IR-UV iondip spectroscopy, this method does not have conformer selectivity. Thus, the measured IR spectra contain contributions of all conformations present in the molecular beam, weighted by their corresponding populations.
The experimental studies were performed at the free electron laser FELIX laboratory located at Radboud University, The Netherlands. The experimental setup, described in detail in Ref. [23] , is adapted as presented in Fig. 1 . The investigated molecules were N-methylacetamide (NMA, see Fig. 2 ) and its fully deuterated isotopologue (NMA-d7), which were prepared commercially with a purity > 98%. The molecules were cooled in a supersonic jet expansion, skimmed, and delivered into the interaction region in the form of a pulsed collimated molecular beam. The longest possible interaction time between the molecules and the IR light was determined by the FELIX macropulse duration, which is typically 4-5 μs. The flight time of the molecules through the interaction region is inversely proportional to the molecular beam speed. The latter can be varied by using different carrier gases; i.e., the heavier the carrier gas the lower the speed. In the present study, we used Ar gas as the carrier for which the estimated time spent by the molecules in the interaction volume is 3 μs. The FELIX light was scanned in the wavelength range of 1000-1800 cm −1 and was used to ignite the MPD reactions in NMA. The NMA dissociation products were probed with VUV photons at 10.49 eV. The VUV light pulses were obtained as the third harmonic of a 355 nm Nd 3þ ∶YAG laser beam (Spectra Physics) in a gas cell containing a mixture of Xe and Ar gases at the ratio of 1∶10. The ionized MPD products were detected with a time-of-flight reflectron-type mass spectrometer. To allow the longest possible interaction time, the VUV pulse entered the interaction volume just at the end of the mid-IR macropulse. Figure 3 presents the mass spectrum obtained by irradiating the NMA sample with FELIX light at the wavelength of 1708 cm −1 as well as the mass spectrum measured when FELIX was off. As follows from the figure, the VUV photons alone produce predominantly NMA parent ions (m=z ¼ 73). Note that the peak at m=z ¼ 40 results from the ionization of Ar seed gas. In contrast, the FELIX þ VUV mass spectrum shows a variety of additional fragments, which are produced by mid-IR MPD and ionized afterwards with the VUV pulse (see, e.g., the peaks at m=z ¼ 30, 31, 45, and 58 in Fig. 3 ). Thus, backgroundfree IR spectra can be obtained in the sense that the fragments only appear upon resonant excitation with IR photons while they are absent without IR photons. This makes our measurements insensitive to fluctuations in the molecular source output, which is the essential advantage of this technique. In this way the mid-IR spectrum of NMA was measured, and is shown in Fig. 4(a) , where the yield of the individual fragments as well as the total fragment yield is shown versus IR wavelength. The fragments' counts were divided by the total ion yield (I parent þ ΣI fragments ) and the laser power at the corresponding wavelengths.
In the FELIX þ VUV mass spectrum a relatively strong peak appears at m=z ¼ 45 (see the red curve in Fig. 3 ), which cannot be produced by the direct breaking of one or several chemical bonds, but rather involves significant molecular rearrangement. In order to identify the origin of the m=z ¼ 45 fragment, we performed auxiliary measurements with the NMA-d7 isotopologue in which all hydrogen atoms are substituted with deuterium atoms. In the FELIX þ VUV mass spectrum of NMA-d7 the m=z ¼ 45 fragment is shifted to m=z ¼ 52, which enables us to conclude that this fragment is associated with the formation of di-methylamine, CH 3 NHCH 3 , or ethylamine, CH 3 CH 2 NH 2 . It is also interesting to note that the corresponding fragments in the NMA-d7 and NMA spectra have different intensities (see the Supplemental Material [25] ). For example, the fragment associated with the peptide bond cleavage, CH 3 CO þ (m=z ¼ 43), is almost not present in the NMA mass spectrum while CD 3 CO þ (m=z ¼ 46) appears for NMA-d7. Furthermore, the relative intensity of the fragment involving significant molecular geometry rearrangement (m=z ¼ 45 for NMA and m=z ¼ 52 for NMA-d7) reduces for the case of NMA-d7. We believe that such behavior is attributed to the lower mobility (higher mass) of the deuterium atoms compared with hydrogen atoms; i.e., for the NMA-d7 case the dissociation channels relying on molecular rearrangement are less probable, while the channels involving direct chemical bond ruptures become more significant.
Within this new technique, the mid-IR spectrum can also be recorded by monitoring the parent ion yield, but in contrast to the fragments, the absorption of mid-IR photons leads to a reduced yield (the inset in Fig. 3) . As a result, the ion-dip spectrum can be obtained, which however is not background free. Interestingly, as follows from the inset, the parent ion signal reduces noticeably after resonant IR irradiation, implying that a significant fraction of the NMA molecules undergo MPD.
The measured IR spectrum of NMA [ Fig. 4(a) ] shows the vibrational transitions, which can be attributed to trans-NMA [ Fig. 2(a) ], the lowest energy structure. The strongest peaks correspond to amide I-III vibrations and the deformations of methyl groups, in agreement with the theoretical interpretation available in the literature [26, 27] . The amide I-III bands were observed at 1707, 1519, and 1248 cm −1 , respectively. The strongest methyl deformation bands were observed at 1478, 1415, and 1364 cm −1 [see Fig. 4(a) for the assignment]. The width of the IR peaks is about 1.1%-1.5% FWHM, slightly larger than the 1% bandwidth of the FELIX radiation. We did not observe the vibrational features associated with cis-NMA, which can be explained by the fact that the energy of this structure lies significantly higher than that of trans-NMA, leading to a negligible population of cis-NMA in the cooled molecular beam.
Apart from the advantage of background-free IR measurements, the suggested experimental scheme also enables 25 . 3 . The mass spectra of NMA obtained with VUV ionization (10.49 eV). The red curve represents the spectrum when the NMA molecules prior to the VUV pulse were additionally irradiated with 1708 cm −1 FELIX light during several microseconds. The inset shows a part of the spectra corresponding to the parent molecular ion. The peak at m=z ¼ 40 corresponds to the Ar þ ions created by two-photon VUV ionization. . 4. (a) The IR spectra of NMA obtained by monitoring the yield of the most intense MPD fragments. All fragment yields were divided by the total ion yield (I parent þ ΣI fragments ) and the laser power at the corresponding wavelengths. (b) The mid-IR spectra obtained by ion-dip measurements for the two NMA oligomers: dimers and trimers. The symbols δ and ν denote bending and stretching vibrations, respectively.
the simultaneous measurement of IR spectra for several species present in the target beam, for example, oligomers of the parent molecules. Figure 4 (b) presents the spectra of the NMA dimers and trimers measured simultaneously with the IR MPD spectrum of the NMA monomer. The spectra were obtained by monitoring the parent dimer and trimer ion yield versus the IR wavelength and, thus, represent the ion-dip spectra. The dips, in this case, are associated with the breaking of weak hydrogen bonds (the dashed lines in Fig. 2) , through which the NMA molecules are coupled together to form NMA dimers and trimers.
The measured experimental gas-phase spectra of the NMA oligomers, not previously accessible by other experimental techniques in the full 1000-1800 cm −1 range [28] , reveal some common spectral shifts in the positions of the amide I-III bands. The shifts are associated with the formation of the CO Á Á Á HN hydrogen bonds that stabilize the structures of the NMA oligomers. Amide I corresponds to the CO stretch vibration with some CN and CC stretch, and is located at 1708, 1681, and 1656 cm −1 for the NMA monomers, dimers, and trimers, respectively. The redshift observed for the oligomers with respect to the monomer is attributed to the more delocalized nature of the CO stretch oscillators due to the CO bond length elongation upon hydrogen bonding [29, 30] . It is worth noting that the shoulder of the amide I band at 1702 cm −1 in the spectrum of the NMA dimers is due to the non-hydrogen-bonded CO stretch vibration [see Fig. 2(b) ]. Its frequency is only slightly redshifted by 6 cm −1 with respect to the monomer frequency due to the NH group being hydrogen bonded [29] . In contrast to the amide I band, the positions of the amide II band for the NMA oligomers are blueshifted with respect to the monomer. The frequency blueshift is due to the combination of the two effects of hydrogen bonding: the geometry change due to the elongation of NH and C-N bonds, and the electron density redistribution on the carbonyl oxygen and amide hydrogen atoms [29, 30] . The same factors lead to the blueshift in the frequencies of the amide III bands, which we observed at 1277 and 1298 cm −1 for the NMA dimers and trimers, respectively.
In this Letter we demonstrate a new action spectroscopy method for measuring background-free IR spectra for neutral isolated molecules of arbitrary structure. This approach significantly extends the scope of the molecules that can be studied with IR spectroscopy in the gas phase. In particular, it is suitable for molecules lacking an UV chromophore. This new method is demonstrated here for the mid-IR range, and is readily applicable to measure spectra in the far-IR and terahertz range under the condition that the corresponding far-IR and terahertz vibrational modes are characterized by fast IVR rates. The method we suggest is not only limited to small molecules but can be applied to all biomolecules that can be delivered to the gas phase with the help of the laser desorption technique [6, 31] . In the field of gas-phase IR spectroscopy of biomolecules [4, 32, 33] , the interactions responsible for local structural motifs as well as those induced by neighboring molecules are elucidated. Such studies are particularly important for gaining insight into the relations between the properties of biomolecules and their structures. The method demonstrated is highly suitable for this research field, since it enables the study of molecular associates, such as microhydrated molecules [34] , and one can selectively study the intrinsic properties of biomolecules associated with intramolecular interactions as well as those associated with interactions and perturbations induced by the ambient environment (intermolecular interactions). We believe that the technique presented in this work will significantly advance the field of molecular structure characterization. 
